Tendon stem/progenitor cells (TSPC) are potential targets for regenerative medicine and the treatment of tendon injuries. The frequency of such injuries increases in elderly patients while the proportion of functional TSPCs in tendon tissue decreases, protracting tendon repair. Using atomic force microscopy (AFM), we show that cell stiffness and size increase in TSPCs isolated from elderly patients (A-TSPC) compared to TSPCs from younger patients (Y-TSPC). Additionally, two-photon excited fluorescence (TPEF) microscopy revealed a denser, well-structured actin cytoskeleton in A-TSPC, which correlates with the augmented cell stiffness. Treating A-TSPC with ROCK-inhibitor, reverses these age-related changes, and has rejuvenating effect on cell morphology and stiffness. We assume that cellular stiffness is a suitable marker for cell aging and ROCK a potential target for therapeutic applications of cell rejuvenation.
Introduction
Tendon connects muscle to bone, enabling body movements. Mature tendon exhibits a low cell density and a high content of extracellular matrix (ECM). Approximately 80% of the dry matter consist of type I collagen [1, 2] . In addition, tendon comprises other ECM molecules and a small cellular component consisting mainly of tenoblasts and terminally differentiated tenocytes [2] . A new cell population of resident tendon stem/progenitor cells (TSPC) was recently identified [3] . TSPCs show classical mesenchymal stem cell (MSC) characteristics, such as MSC-specific surface antigens, selfrenewal, clonogenicity and three-lineage differentiation (adipogenic, osteogenic and chondrogenic). TSPCs also express tendonspecific genes such as scleraxis and tenomodulin and are capable of forming tendon-like tissues when implanted in vivo and thus have therapeutic potential for treatmenting tendon injuries [3e6]. Tendon repair is particularly protracted in older patients and up to date it is nearly impossible to restore the original stability and strength of the tendon [7] . Thus rejuvenating aged TSPC, could help to improve treatment in the future [4] .
Aging affects the proliferation capacity, differentiation potential, cytoskeletal organization and migration [8e10] . For successful treatment of tendon injury, it is therefore crucial to understand age-related effects and investigate rejuvenating strategies to achieve young cell characteristics in aged cells. Because Rho-associated protein kinases ROCK 1 and 2 are key players in cellular processes affected by aging, one strategy, already in clinical trial for treatment of glaucoma, is the inhibition of ROCK [11] . In a recent study, Park et al. showed that ROCK inhibition alleviates senescence, in Hutchinson-Gilford progeria syndrome (HGPS) fibroblasts and thus could be a new approach treating age-related diseases [12] . Kohler et al. investigated human TSPCs derived from Achilles tendon biopsies of young, healthy individuals (Y-TSPC) and of aged patients with functionally degenerated tissues (A-TSPC) [4] , showing a transcriptomal shift in A-TSPC of genes regulating cell adhesion, migration, the actin cytoskeleton and specifically an upregulation of ROCK 1 and 2. Treating A-TSPC with a ROCK-inhibitor they could reconstitute cell morphology and other characteristics of young cells such as actin content, migration velocity, and cell spreading [4] . Nevertheless, although it is well known that aging severely alters the biomechanical properties in a number of cell types [13e17] so far, age-related changes in the biomechanical properties of tendon-specific cells, and the effect of ROCK-inhibition on cell mechanics, have been marginally investigated. Given the prominent role of mechanical stimuli on cell behavior and fate, understanding the relationship between cellular biomechanics and cell aging is important for understanding aging effects in living tissue, such as tendon. Here, we have combined optical and atomic force microscopy (AFM) to investigate age-related changes in cell stiffness, and morphology [18] . We show that A-TSPCs are stiffer and exhibit a more homogeneous and denser actin network, organized in pronounced stress fibers, compared to Y-TSPCs. Moreover, we demonstrate that aged TSPCs can be reversed to younger cell characteristics by inhibiting ROCK 1 and 2.
Material and methods

Cell culture
Human TSPC used in this work were previously isolated from non-ruptured human Achilles tendons (16 donor patients overall) at the Department of Surgery of Ludwig Maximilians University (LMU) (approved by the Ethical Commission of the LMU Medical Faculty, grant-No. 166e08) and characterized in the study of Kohler et al. [4] . TSPC were grouped in two cohorts e young and healthy tendon cells (Y-TSPC) from 4 donors (average age of 28 ± 5 years) and aged and degenerative tendon cells (A-TSPC) from 12 donors (average age of 63 ± 14 years) [4] . In this study, cells were cultivated as described in Ref. [4] .
ROCK-inhibition
As described by Ref. [4] , TSPC were cultured in medium supplemented with 10 mM Y-27632 (Sigma-Aldrich), supplemented medium was replaced every 24 h.
AFM experiments
AFM experiments were performed in the quantitative imaging (QI) mode using a Nanowizard ® 4 (JPK Instruments) equipped with a 100mm Â 100 mmÂ15 mm piezo scanner and temperature controlled sample holder. The AFM was mounted on an inverted optical microscope (Axiovert 200, Carl Zeiss). Arrays of 256 Â 256 force-distance curves were recorded in a 100 mm Â 100 mm scan area, at a z-piezo velocity of 300 mm/s. The indentation force was limited to 1 nN and the cantilever retraction to 3 mm above the contact point. The contact point was determined for each forcedistance curve and used to generate the topography images. In addition the Young's modulus was derived from the indentation part of the curves, as described elsewhere [19, 20] . Cell volume was calculated from the topography images, assuming a pixel size of 391 nm Â 391 nm. For data analysis the JPK software (Version 6.0.69) was used.
Prior to AFM, 35 mm cell culture dishes were incubated with 20 mg/ml rat-tail type I collagen solution (Merck) in PBS at 4 C overnight. TSPCs were seeded with 50e60% confluency and grown in these dishes for 24 h. AFM experiments were carried out at 37 C in alpha MEM medium, buffered with 15 mM HEPES (pH 7.4), using qp-BioAC-20 CB2 cantilevers (Nanosensors). The cantilever force constant was determined for each cantilever individually, using the thermal noise method (cf. [19, 20] ).
Two-photon excited fluorescence (TPEF) microscopy
For TPEF microscopy, cells were grown on type I collagen coated 170 mm thick precision cover slips (Carl Roth) for 24 h, washed with PBS and fixed with 3,7% formaldehyde (Carl Roth) for 10 min at RT followed by washing with PBS. Cells were permeabilized with 0.2% Triton-X 100 (Sigma Aldrich) in PBS for 10 min at RT. Atto594-Phalloidin (Attotec) and DAPI (Applichem) were applied for 20 min at RT. Cells were washed 3 times with PBS, air-dried and mounted with ProLong™ Diamond Antifade Mountant (Thermo-Fisher). Cells were imaged with a custom-built two-photon laser scanning microscope using an ultrashort pulsed fiber laser system (TOPTICA Photonics, FemtoFiber dichro bioMP) emitting at 780 nm and 1030 nm for two photon excitation of DAPI and ATTO 594. Both lasers were focused onto the specimen by a 100Â apochromat oil immersion objective (NA ¼ 1.49, Nikon). Fluorescence detection was realized using photomultiplier tubes (Hamamatsu Photonics) in non-descanned backward configuration. Height images were acquired by moving the objective in axial direction in steps of 200 nm and averaging over 40 frames at each axial position. Twocolor images were merged using ImageJ (Version 1.6.0_24) [21] . A home-written Matlab routine (MathWorks) was used to color-code the height of the actin fibers.
Results
For AFM experiments, both Y-TSPC and A-TSPC were seeded on collagen I coated petri dishes at low confluence, so that they were situated as single cells. In phase contrast microscopy, Y-TSPC show a spindle-like cell shape with only few cell protrusions ( Fig. 1a , left column), while A-TSPC appear spread out in a polygonal shape with multiple cell protrusions ( Fig. 1b, left column) . For AFM measurements, we used the quantitative imaging (QI) mode, which simultaneously renders topography images ( Fig. 1 , middle column) and elastic modulus maps ( Fig. 1 , right column) (cf. Methods section). Topography images identify the nucleus region as highest part of the cell, whereas protrusions appear considerably lower, for both Y-TSPC and A-TSPC. Y-TSPC show fiber-like structures, reminiscent of an actin stress fiber network ( Fig. 1a, middle) , spanning along the cell longitudinally, while A-TSPC display a smooth surface ( Fig. 1b , middle).
Another feature distinguishing Y-TSPC from A-TSPC is the cell volume, which was calculated from the AFM topography data. For Y-TSPCs, the median of the cell volume is 7307 mm 3 while for A-TSPC we obtained a median of 9559 mm 3 (Fig. 2a , green and yellow dots). However some of the A-TSPC were larger than the maximum scan area of the AFM of 100 mm Â100 mm, so the cell volume of these cells may even be larger.
The elastic modulus maps ( Fig. 1, right) display stiffness variations within individual cells in the range of 1e60 kPa. In Y-TSPC, high stiffness values appear at the flat cell edges and protrusions, while the elevated cell center is much softer. The fiber-like structures observed in the topography image are clearly visible as stiff fibers traversing the cell longitudinally, spanning the otherwise much softer nuclear region (Fig. 1a, right) . For A-TSPC, the elastic modulus maps revealed again higher stiffnesses for the cell periphery and a soft cell center (Fig. 1b, right) . Fibrillary structures are not visible in A-TSPC.
For quantification of the over-all cell stiffness, the frequency distribution of the elastic modulus values are displayed in a whisker boxplot combined with a waterfall plot in Fig. 2b . The black boxes contain the 25% and 75% quantiles, so 50% of all measured values are within this range. The red line marks the median and the black bars with the endcaps show the 10% and 90% limits. For Y-TSPC (green), 50% of all obtained elastic modulus values lie between 7.8 kPa and 23.2 kPa, with the median at 13,8 kPa. The maximum width of the waterfall plot, which indicates the most frequently measured elastic moduli, occurs at 5e8 kPa. The elastic moduli obtained from A-TSPC, on the other hand, are shifted towards higher values (yellow): The median of 19.5 kPa is almost 6 kPa higher compared to Y-TSPC, and 50% of all values are between 12.4 kPa and 29.8 kPa. Taken together, these data clearly indicate increased overall cell stiffness for A-TSPC.
Since AFM experiments revealed clear differences in cell stiffness and size between young and old cells and revealed stress-fiber like structures in Y-TSPC, we next examined age related changes in the actin cytoskeleton, using (TPEF) microscopy. We stained the actin cytoskeleton with phalloidin-Atto594 (red) and the nucleus with DAPI (blue). The top row of Fig. 3 shows an overlay of both fluorescence channels (Atto594 and DAPI), the bottom row shows only actin (Atto594). Here the height of the actin fibers is colorcoded, to distinguish between ventral actin and fibers spanning over the nucleus. Both, Y-TSPC and A-TSPC are traversed by actin fibers, but the architecture is completely different: Only a few dominant fibers span the longitudinal axis of the Y-TSPC (Fig. 3a) . These fibers do not align strictly in parallel, resulting in larger fiberto-fiber distances, especially of the nuclear spanning stress fibers. This is in line with the AFM observations were individual fibrillary structures appear in both, the topography images and elasticity maps. In A-TSPC (Fig. 3b) , on the other hand, the stress fibers form a very robust and dense network, spanning the cells with a strictly parallel orientation.
To explore the effect of ROCK-inhibitor Y-27632 on cell morphology, cell topography, cell volume and cell stiffness, we investigated Y-27632 treated A-TSPC, and compared the results to the untreated cells. Treated A-TSPC acquire a more spindle-like cell shape with only a few but very long and thin protrusions (Fig. 1c , left column). The cell shape is no longer polygonal as for untreated A-TSPC, but resembles the elongated shape of Y-TSPC. In the AFM topography images (Fig. 1c, middle column) , fibrillary structures, reminiscent of the structures observed in untreated Y-TSPC, become visible in the cell protrusion and partly in the cell body. In the elastic modulus map these fibers appear again as stiffer structures at the cell edges and protrusions but also in the cell body (Fig. 1c, right) . In addition, the stiffness of treated A-TSPC decreases to a median of only 14.7 kPa, which corresponds roughly to the stiffness of Y-TSPC. The lower and upper limits of the 25% and 75% quantile are 9.8 kPa and 22.8 kPa, and even the shape of the frequency distribution (Fig. 2b, red) resembles that of Y-TSPC. Finally, the cell volume decreases from 9559 mm 3 for untreated A-TSPC to only 2755 mm 3 for treated A-TSPC ( Fig. 2a ), a value which is even below the value of 7307 mm 3 measured for Y-TSPC. In the actin cytoskeleton (Fig. 3c) , the individual actin stress fibers vary in thickness and orientation and only few fibers loosely span the nucleus. A mixture of thick and filigree actin fibers spans the cell longitudinally, but without the parallel arrangement present in untreated A-TSPC. Only few fibers span the nucleus in a loose and less aligned pattern. The collective features of ROCK-inhibitor treated A-TSPC resemble those of Y-TSPC, and demonstrate a rejuvenating effect of Y-27632 treatment.
Discussion
Since the discovery of TSPC, functional distortion of this cell population has been closely linked to tendon pathologies and degeneration [3,22e24] . In elderly patients, tendon degeneration and subsequent injuries increase, while at the same time their repair capacity declines, indicating that TSPC function is effected by aging [7, 24, 25] . To elucidate the molecular and cellular processes of TSPC aging, Kohler et al. compared TSPC isolated from young, healthy donors (Y-TSPCs) with cells from aged patients with degenerated tissue (A-TSPC) [4] . They observed significant alterations in the expression of various genes involved in cell adhesion, cell migration and the dynamics of the cytoskeleton. This goes along with reduced proliferative activity, cell migration and slower actin turnover in A-TSPC. These data strongly suggest that alterations in actin organization are a main issue in aging cells. Therefore, it is plausible to assume that the mechanical properties of TSPC change with aging as well.
We therefore recorded topography images and elastic modulus maps from individual TSPC from young and aged donors. Most important, we could show a significant increase in cellular stiffness (and in cell size) for TSPC isolated from aged donors. Above all, the proportion of cell areas with very low elastic modulus values, which were mainly found in the cell center of Y-TSPC diminished in A-TSPC. Furthermore, fiber-like structures, spanning the cells longitudinally, could be observed in the topography images of Y-TSPC. These structures were also observed in the elastic modulus maps and were interpreted as cytoskeletal stress fibers. The interfiber distance was relatively large in soft areas of Y-TSPC compared to stiffer cell parts with denser fiber arrangement. In contrast, A-TSPC showed a smoother surface without prominent fibers. This more uniform distribution of the elastic modulus values points to a more homogenous, densely packed actin network. TPEF microscopy confirmed these differences in actin network organization between both cell types.
The correlation between increased stiffness and aging has been shown for various cell types, including epithelial cells [14] , cardiac myocytes [15] or fibroblasts [16, 17] . Berdeyya et al. observed a twoto four-fold increase of cell stiffness in aged human epithelial cells and attributed this to a higher fiber density in the cytoskeleton [14] . Therefore, we conclude that the altered organization, lower turnover, and higher content of actin [4] , is responsible for this agerelated stiffness increase in TSPC.
Aging effects of hMSCs of young and old donors have been intensively investigated on the molecular level [13] . Xu and Liu observed the downregulation of FOXP1 in TSPC isolated from elderly vs. young rats and showed that the overexpression of FOXP1 can rescue age-associated reduction of self-renewal, migration and differentiation of TSPC [23] . Chen et al. investigated the senescence of human TSPC isolated from young donors. They detected downregulation of Pin1, decreased telomerase activity and more bgalactose positive cells during prolonged in vitro culture [26] . Zhou et al. showed a decreased proliferation capacity, a delayed cell cycle progression and a downregulated expression of tendon lineage marker genes and of the transactivator Cited2 which is involved in cell growth and senescence, while CD44, a matrix assembling and organizing protein implicated in tendon healing, was upregulated [22] .
To our knowledge, alterations in biomechanical properties from young to elderly individuals have not been reported to date for hMSCs or for human TSPCs. Wu et al. investigated age-related increased viscoelastic properties of TSPC monolayers of cells isolated from elderly vs. young rats [27] . For hMSC, an increase in cell stiffness has been observed during long-term in vitro culture and has been associated with senescence and limited differentiation potential [28] . McGrail et al. analyzed the intracellular rheology and the cytoskeletal dynamics of low passage and high passage hMSCs: They found that alterations in the actin cytoskeleton correlated with impaired cell migration and differentiation, though the classical molecular markers of senescence did not differ in both populations [29] . Relating to these studies, we suggest cellular stiffness as a versatile marker to discriminate Y-TSPC from A-TSPC that exhibit reduced functional fitness.
As cellular stiffness and cell size were identified as age-related properties in TSPCs, we tried to reverse these effects. Rotsch and Radmacher showed that the cell stiffness decreases when treating cells with cytoskeleton-disrupting drugs [30, 31] . In this study, we applied Y-27632, a well-known inhibitor for the kinases ROCK 1 and ROCK 2, to A-TSPC for rejuvenation. These kinases play a key role regulating actin dynamics by affecting LIM kinase, myosin light chain (MLC) and MLC phosphatase [32e34]. In Kohler et al. ROCKinhibitor treated A-TSPC exhibit a phenotype similar to that of Y-TSPC, indicating that ROCK-signaling plays a major role in aging of TSPC [4] . Moreover, in our study, after treatment, A-TSPC became softer, their cell volume decreased and their cytoskeletal network shifted towards more loosely packed actin stress fibers, similar to those seen in Y-TSPC. Thus, ROCK 1 and 2 could be a potential targets for therapeutic applications of cell rejuvenation and for obtaining the functionality of young cells.
Taken together, we demonstrated that Y-and A-TPSC differ in their cell stiffness, size and actin organization. We assume that stiffness is a suitable marker for aging and thus reduced functionality in TSPCs and might be useful to select or generate fully functional TSPCs from patient samples for cell based therapies and tissue engineering applications. Furthermore, inhibition of ROCK 1 and 2 could lead to a therapeutic approach supporting tendon repair.
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